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ABSTRACT  
   
    Gamma-ray burst observations provide a great opportunity for cosmography in 
high redshift. Some tight correlations between different physical properties of 
GRBs are discovered and used for cosmography. However, data selection, 
assumptions, systematic uncertainty and some other issues affect most of them. 
Most importantly, until the physical origin of a relation is understood, one should 
be cautious to employ the relation to utilize Gamma ray bursts for cosmography. 
    In the first part of this dissertation, I use Liang-Zhang correlation to constrain Λ 
Cold Dark Matter standard cosmology and a particular class of brane cosmology 
(brane-induced gravity model). With the most probable model being Ω = 0.23 
and Ω = 0.77 for flat ΛCDM cosmology and Ω = 0.18 and  = 0.17 for flat 
brane-induced gravity cosmology, my result for the energy components of these 
two models is comparable with the result from SNIa observation. With average 
uncertainty of distance modulus being 0.2771, the two discussed cosmologies are 
indistinguishable using my current sample of GRB with redshift ranging between 
0.1685 and 3.2. I argue that by expanding my sample and adding more low and 
high redshift GRBs and also with improvement in using GRB for cosmography, 
we might be able to distinguish between different cosmological models and 
tighten the most probable model. 
    Looking into correlation and evolution of GRB prompt emission and afterglow 
has many advantages. It helps to open windows to comprehend the physics of 
GRBs and examine different GRB models. It is also possible to use GRB 
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correlation as an accurate redshift estimator and more importantly to constrain the 
cosmological parameters.  XRT flares of GRB afterglow are thought to be the 
result of central engine activity. Studying this component leads us to understand 
GRB flare and central engine nature. In the next part of this dissertation, I study 
the correlation and evolution of different prompt emission and afterglow GRB 
properties and some GRB flare-based quantities. Considering instrument bias and 
selection effect, I conclude some well-correlated correlations and establish some 
property evolution. The correlation between average luminosity and isotropic γ-
ray energy, energy of plateau and isotropic γ-ray energy and luminosity at break 
time and break time and evolution of plateau energy are well established. It is also 
realized that the apparent evolution of isotropic γ-ray energy and average 
luminosity is due to the instrumental flux threshold. With expanding the sample 
of GRB and accommodating more GRBs with XRT flares to my sample, I can 
reevaluate my result more firmly and confirm or rule out some hard to assert 
results due to limited number of data. 
    In search for physically motivated GRB relation, analyzing the thermal 
component of GRB prompt emission, I derive two well-correlated relations. They 
are between calculated and estimated flux of the GRB thermal component for the 
co-moving bolometric and co-moving detector band-pass range of spectrum. In 
this study, three samples of Swift, pre-Swift and combined samples are used. The 
quality of this correlation is comparable with the Ghirlanda relation in terms of 
Spearman rank correlation parameters (correlation coefficient and correlation 
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significance) and reduced of best fit. These results for the Swift GRB sample 
for co-moving bolometric range of spectrum are 0.81, 4.07 × 10 and 0.66 
respectively. The derived correlations also imply a , −   relation that 
provides physical insight to  −  Ghirlanda correlation. Three scaling 
coefficients are employed to study these correlations. Monte Carlo statistics 
indicates that the existing correlations are independent of these constants. For 
Swift and combined sample 73% - 84.8% successes are recorded. Therefore, it is 
expected by determining these constants, the tightness of these correlations will 
further improve.  
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Chapter 1 
A REVIEW O GAMMA RAY BURST 
    Gamma ray bursts first were discovered in the late 1960s. GRBs are 
electromagnetic signals that have most of their output in gamma-ray band at sub 
Mev energies. They have a short duration of only tens of seconds.  CGRO, Swift 
and Fermi are three missions that provide us great information about these 
phenomena. Table 1.1 shows the telescopes on board of these satellites with their 
energy ranges.  
 
                                              Table 1.1. GRB missions                      
                            
Swift and Fermi are two ongoing missions at present.  Swift is named after a bird, 
which chases after insects. Swift is like a quick, small satellite that points here and 
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there to chase after GRBs. Swift instruments pick up x-ray and optical emission. 
On the other hand, Fermi (formerly GLAST) looks over the whole sky all the time 
and is designed to pick up at the upper end of the Swift range and beyond. 
    In this chapter, a background on GRB phenomena is reviewed. First, different 
GRB components are introduced and their temporal and spectral properties are 
discussed. Then, I briefly look at physics of GRBs.  Next, two early indications 
for cosmological origin of GRBs are discussed. In chapter 2, I use Liang-Zhang 
relation to constrain ΛCDM standard cosmology and brane-induced gravity 
cosmology model. In this chapter, I briefly review a background on these two 
cosmological models and discuss the formalism and result of the method to 
constrain the energy components of these models using GRB observation. In 
chapter 3, I analyze Swift XRT data and examine different GRB properties. Then, 
GRB property correlations and their evolution are studied. In the last chapter, it is 
shown how I employ the properties of thermal component of GRB prompt 
emission to deduce well-correlated relations. I also argue how these relations give 
physical insight to the Ghirlanda relation. At present, this relation is widely used 
for cosmography. In the last section of each chapter, a prospect for future of the 
work is provided. 
1.1 Gamma Ray Bust components 
    Gamma ray burst consists of two components: prompt emission and afterglow. 
In this section, first a review of different temporal and spectral properties of these 
two components is given. 
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   Prompt emission light curve happens in gamma-ray band. It is very irregular 
and erratic with spiky components. A typical light curve of a BATSE GRB is 
shown in Figure 1.1 (Fishman et al. 1995).  
 
 
                          
Figure 1.1. A typical light curve of a BATSE GRB (Fishman et al. 1995). 
 
 
On the other hand, afterglows are broadband, detected in the x-ray, the 
optical/infrared and the radio band. X-ray afterglow is the most commonly 
detected. X-ray light curve consists of four power law segments: steep decay, 
shallow decay, normal decay, a fourth segment and a flaring component (Figure 
1. 2).  
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Figure 1.2. A synthetic x-ray light curve based on the observational data from the 
Swift XRT. (Zhang et al. 2006) 
 
 
    Prompt emission lasts tens of seconds. GRB duration usually is defined as the 
time interval within which 90% of the burst fluence is detected (T90). T90 span 5 
orders of magnitude, from 10
-2 
to 10
3
 s. The distribution of duration of GRBs is 
bimodal. The bimodal distribution of duration of the BATSE GRBs is shown in 
figure 1. 3. Based on this distribution, GRBs are categorized by their duration. 
GRBs with duration less than 2s are considered short and GRBs with duration 
greater than 2s are considered long. The typical duration of short GRBs is 0.2s. 
They consist of about 25% of GRB population and most of their output is in the 
soft range of gamma-ray band. The typical duration of long GRBs is 20 s. They 
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consist of about 75% of GRB population and most of their output is in hard range 
of gamma-ray band. Short GRB are thought to be originated from the merger of 
binary neutron stars while long GRBs are associated with the death and collapse 
of massive stars. The typical value for GRB afterglow is 10
5
 s. 
 
     
                              
Figure 1.3. The bimodal distribution of duration of the BATSE GRBs. (Paciesas 
et al. 1999)    
 
 
Initially, prompt emission spectrum was considered non-thermal. Example of 
prompt emission spectrum is shown in figure 1. 4. The prompt emission spectrum 
is commonly fitted with a smooth broken power law, known as the Band function. 
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*,- 100./012 /34 -− 51                                         '6 − 7(5 ≥ 
9'6 − 7(5100./0 :'2;( /34'7 − 6( - 100./01;        '6 − 7(5 ≤ 
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α is low energy photon spectral index, β is high energy photon spectral index and 
E0 is the transition energy. Transition energy, E0, is related to Peak energy of the 
spectrum, Ep, by  
5 = 2 + 6 
Typical values of α and β are -1±1, −2?@ respectively and Ep typically ranges 
between 50 and 250kev.  
 
 
        
Figure 1.4. Example of prompt emission spectrum. (Amati et al. 2002) 
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Ryde et al. (2002) interprets the prompt emission spectrum as composite of a 
thermal and a non-thermal component (figure 1.5). We discuss this discovery and 
study the thermal component of prompt emission spectrum with more details in 
chapter 4.  
 
                   
Figure 1.5. An example of time resolved spectrum, observed by BATSE, fitted 
with the two-component model: composite of a thermal and non-thermal 
component. (Ryde 2005)   
 
 
 
Afterglow continuum spectrum follows a power law.  
AB ∝ D; 
where β is a constant and ν is frequency. The optical afterglow of spectrum of 
GRB030329 is shown in figure 1. 6.  In chapter 4, we introduce more properties 
of GRBs and study their correlation and evolution. 
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Figure 1.6. The optical afterglow spectrum of GRB 030329. (Stanek et al. 2003)   
 
  
1.2 GRB relativistic expansion 
    GRBs emit photons with very high energies. If the expansion is non-relativistic, 
the optical depth, τ, of photons would be too large and photons could not be 
observed. This is called the compactness problem (Piran et al. 1999). The solution 
is that the GRB explosion expansion is relativistic with a lower limit on the 
Lorenz factor, γ. Three processes contribute to the optical depth of high energy 
photons. They are annihilation of photon pairs, scattering of photon by e
+
 or e
-
 of 
another annihilation and scattering of photon by baryon election. In all these three 
processes, for GRBs to be optically thin and decrease optical depth, a lower limit 
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on Lorentz factor is required (Blandford et al. 1996; Lithwick et al. 2001). This 
lower limit shows that the expansion should be relativistic. 
1.3 GRB Standard fireball shock model 
    As it is discussed in the last section, GRB material must move relativistically. 
This is the first element of any GRB model. The dynamics of gamma ray burst 
can be understood independently from any uncertainty about their progenitors. 
GRBs are thought to be the result of a cataclysmic event leading to a 
relativistically expanding fireball. (Cavallo et al.; Meszaros et al. 1999) 
1.4 GRBs have cosmological origin 
     BATSE observation in 1991 indicated that GRBs have isotropic and 
homogenous distribution and GRB redshift measurement in 1997 showed that 
they are at cosmological distance. These two evidences confirmed that GRBs 
have cosmological origin.  
 
                          
Figure 1.7. The number of bursts vs. intensity distribution. (Meegan et al. 1992) 
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    Meegan et al. (1992) shows that the number of bursts versus intensity 
distribution does not quit follow -3/2 power law expected for a spatially extended 
homogenous distribution (Figure 1.7).  
 
 
                       
Figure 1.8. The angular distribution of 153 bursts in galactic coordinates. 
(Meegan et al. 1992) 
 
 
However, the angular distribution of 153 BATSE bursts in galactic coordinates 
shows no significant deviation from isotropy (Figure 1.8). Considering these two 
evidences, Meegan et al. (1992) argues that these result are inconsistent with the 
spatial distribution of any known population of galactic object, but may be 
consistent with the bursts being at cosmological distances.  Metzger et al. (1997) 
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discovered that OTJ065340+79163 is considered the optical counterpart to 
GRB970508. The spectrum of OTJ065349 is shown in Figure 1.9.  
 
 
                               
Figure 1.9. The spectrum of OTJ065349+79163. (Metzger et al. 1997) 
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The lines with asterisk were identified with absorption line of some redshift 
known systems. Table 1.2 shows OTJ065349+79163 absorption lines. The 
presence of absorbing system along the line of sight at z=0.835 indicates that its 
gamma ray burst counterpart GRB70508 is at cosmological distance. 
 
  
Table 1.2. OTJ065349+79163 absorption lines. (Metzger et al. 1997) 
             
 
 
    In chapter 2, it is presented how GRBs may be used for cosmography. 
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Chapter 2 
COSTRAI FROM GRB OBSERVATIO FOR COSMOLOGICAL 
MODELS 
    Early attempts to constrain cosmological models using GRB energies were 
unsuccessful (Dermer et al. 1992; Rutledge et al. 1995; Cohen et al. 1997). That is 
due to the wide distribution, more than three order of magnitude, for isotropic 
gamma energy and luminosity (Bloom et al. 2001).  
   The realization that GRB is a jetted phenomenon led to the discovery that the 
collimation-corrected gamma ray prompt emission is nearly constant and can be 
used for cosmography.   
   Bloom et al. (2003) with their sample of 29 redshift-known GRBs shows that 
the apparent constancy of the geometry-corrected gamma-ray prompt emission 
energy is due to the lack of homogeneity in the current 17 GRB sample of Frail et 
al. (2001). They showed that this constancy is the result of compromising 20% of 
their GRB sample with energies spanning three orders of magnitude.  
    The correlation between collimation-corrected gamma-ray prompt emission 
energy, , and the peak energy in the rest frame prompt emission spectrum, , 
known as the Ghilanda relation is one of the less widely scattered GRB 
correlations which is widely accepted and used as standard candle (Ghirlanda et 
al. 2004; Friedman et al 2005; Ghirlanda 2009).  
   Although this correlation is a well-correlated relation, it strongly depends on 
some assumptions. The most important assumptions are the unknown density of 
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the circumburst medium, the efficiency of converting explosion energy to γ-ray, 
data selection choices for individual bursts and assumptions in error analysis 
(Friedman 2005). 
    The Liang-Zhang relation (Liang et al. 2005) is a relation between isotropic γ-
ray prompt emission energy and rest frame peak energy of prompt emission 
spectrum and rest frame break time of afterglow light curve.  
   In Liang-Zhang relation isotropic gamma-ray prompt emission energy is 
involved rather than geometry-corrected gamma-ray involved in the Ghirlanda 
relation. Therefore, the two assumptions related to the geometry-corrected γ-ray 
energy calculation are eliminated. These two assumptions consist of the unknown 
density of the circumburst medium and the efficiency of converting explosion 
energy to γ-rays.  
    Therefore, here I use the Liang-Zhang relation to constrain two cosmological 
models the ΛCDM standard model and the Brane-induced gravity model. In 
section 2.2, I review a brief definition of these two models and their cosmological 
dynamics. In section 2.3, the formalism that is used to utilize the Liang-Zhang 
relation for cosmography is discussed. In section 2.4, I discuss the results and 
conclude in section 2.5. The prospect for this work is also addressed in this 
section. 
2.1   Lambda Cold Dark Matter versus Brane Induced Gravity Model  
    Here a brief definition of these two models and their cosmological dynamics is  
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reviewed.  
    The ΛCDM model is frequently referred to as the concordance model of big 
bang cosmology. Lambda stands for the cosmological constant that is an energy 
component with negative pressure and allows the late time accelerated expansion 
of the universe. CDM stands for Cold Dark Matter where the dark matter is 
explained as being cold. In this model, our universe is four dimensional. 
   The Brane-induced gravity model is a particular class of brane world models. In 
this model our four dimensional universe is a membrane (called brane) embedded 
into a higher (five) dimensional bulk space-time (Dvali 2000). This model 
explains the late time acceleration of the universe through a large scale 
modification of gravity known as leakage of gravity into extra dimension that 
causes weaker gravity at cosmological distance (Deffayet 2001).  
    In ΛCDM standard cosmology model, for a given content of the universe with 
total energy density ρ (and pressure p), the first Friedman’s equation is  
E + F = GHIJKF                                                          (2.1) 
where . = −1,0,1 is curvature and L is scaling factor and MN is plank mass. The 
energy-momentum conservation equation for this model is  
OP + 3E'4 + O( = 0                                                     (2.2) 
where  
E ≡ @ RRS                                                                 (2.3) 
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is the Hubble constant of the universe. 
In the brane-induced gravity model, the first Friedman’s equation is replaced by  
E + F=TU GHIJKF + @ F + @V                                           (2.4) 
where rc is crossover scale and defined by  
WX = IYKFI'Z([                                                            (2.5) 
and M(5) is the 5D reduced plank mass. In the limit where O MN ≫ 1 W⁄⁄  , (2.4) 
results in the first Friedman’s equation for ΛCDM standard cosmology model and 
when O MN ≪ 1 W⁄⁄ the result is the de Sitter solution. The energy-momentum 
conservation equation is the same as the one for the ΛCDM model.   
    In ΛCDM model the Hubble parameter is 
E'_( = E5`Ω'1 + _( + ΩI'1 + _(H + Ω2'1 + _(H'@?ab(c             (2.6) 
where z is the redshift and the normalization factor is  
Ω + ΩI + Ω2 = 1                                            (2.7) 
While in the brane-induced gravity model, the Hubble parameter is 
E'_( = E5 dΩ'1 + _( + TeΩ + UΩ + ∑ Ω2'1 + _(H'@?ab(2 Vg     (2.8) 
and the normalization factor is 
Ω + heΩ + eΩ + ∑ Ω22 i = 1                               (2.9) 
Ω’s of matter and curvature are defined in the usual way by  
Ω2 ≡ GbjHIYKF kjFj['lmnb(                                             (2.10) 
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Ω ≡ kjFjF                                                     (2.11) O25 is the energy density of different components labeled by α with constant 
equation of state parameters ofo2. The index, 0 , shows the current value of the 
quantity. 
2.2.   Formalism 
    Here, I use Liang-Zhang relationship (Liang et al. 2005) and perform 
regression analysis for a their sample of 15 gamma ray bursts (table 2.1) to search 
a possible empirical relation among three observables: ,, p and qrp  .  ,, 
p and qrp  are isotropic γ-ray energy, restframe peak energy and rest frame break 
time respectively. Where 
p = '1 + _(                                                    (2.12) 
qrp = Ss'@?t(                                                         (2.13) 
The data is shown in table 2.1 with the following heading: (1) GRB name; (2) 
redshift; (3) redshift error; (4) spectral peak energy; (5) spectral peak energy error 
(6) low-energy spectral index; (7) low-energy spectral index error; (8) high-
energy spectral index; (9) high-energy spectral index error; (10) γ-ray fluence; 
(11) γ-ray fluence error; (12) lower limit of BAT detector band-pass; (13) higher 
limit of BAT detector band-pass; (14) afterglow break time between shallow and 
normal segment; (15) break time error.  
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Table2.1. GRB data table .
 
     
 
    The regression model or the Liang-Zhang relationship (Liang et al. 2005) is 
u, = 10jplqrpF                                                (2.14) 
where .5, .@and . are free parameters.  
Then the free parameters and dispersion of this relationship from observation is 
determined.  For each set of cosmological parameter (Ωv),  .5, .@and . are 
evaluated for the best fit through the least hΩvi test: 
hΩvi = ∑ wNxyuz.{|},{hΩ~iNxyz,{|},{hΩ~iK}~z,{|},{hΩ~iF@                                        (2.15) 
N is the number of GRB's in the GRB sample, u.,hΩ~i and Nxyuz,{|},{hΩ~i  are 
derived from the Liang-Zhang relationship  
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Nxyuz,{|},{ = 9-.@ J,{yJ,{ 1 + -. s,{Ss,{ 1:
@/ 10                         (2.16) 
and ,,hΩ~i is calculated from the observation  
,,hΩ~i =  ,{F hΩviz,{{@?t{                                               (2.17) , is luminosity distance, , is the observed fluence that is energy per unit of 
area detected by BAT, . is k-correction and _ is redshift. 
     In the next section, it is shown that the Liang-Zhang relation can be considered 
as luminosity indicator. Next, it is discussed how I use a joint probability to 
compute the probability for a cosmology set, Ω. Here, I use the approach 
introduced in Liang et al. (2005): 
     1.The probability that  the Liang-Zhang relationship can serve as luminosity 
indicator for a given cosmology, Ωv is  
@hΩvi ∝ /lFhΩvi/                                                 (2.18) 
where 
@hΩvi = ∑ wNxyuz.{|},{hΩviNxyz,{|},{hΩviK}~z,{|},{hΩviF@                                    (2.19) 
u,,hΩvi  and Nxyuz,{|},{hΩvi  are evaluated with .5, .@ an . for the best fit 
from the empirical relation and ,,hΩvi comes from the observation. 
    2.The probability for parameter set Ω according to the luminosity indicator 
derived for Ωv is 
h, Ωvi ∝ /FFhΩvi/                                                (2.20) 
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where 
hΩ, Ωvi = ∑ w{hΩvi{'Ω(K}~z,{|},{hΩ~iF@                                          (2.21) 
̂ = 2.5w.u5 + .u@,p + .uqr,p − h4,.i + '1 + _( −
97.45(2.22) 
 = h, 104⁄ i                                               (2.23) 
{ = .N@5 9-.@ J,{yJ,{ 1 + -. s,{Ss,{ 1 + - z,{z,{ 1 + ¡¢{{ £ + ¡ ¤{@?t{£:
@/
            
(2.24) 
These two probabilities are independent; so, the joint probability is found via 
hΩ, Ωvi ∝ @hΩvihΩ, Ωvi                                            (2.25) 
hΩ, Ωvi's are mutually exclusive (they cannot happen at the same time); therefore, 
the final probability of a cosmology with the parameter set Ω  is computed 
through summing over Ωv 's 
'Ω( ∝ ∑ hΩ, ΩviΩv                                                 (2.26) 
The normalization factor of the probabilities is not shown. The result for the most 
probable model for each cosmology is shown in the next section. 
2.3. Discussion 
    In the previous section, to search for a possible empirical relation and find the 
regression model parameters, a multivariable regression analysis is performed. 
The result of the regression analysis is shown in table 2.2. For four specific 
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cosmologies, the goodness of the best fit is represented by the correlation 
coefficient and significance from Spearman rank correlation analysis.  
       
 
Table 2.2. Result of regression analysis      
 
 
 
The correlation coefficient shows how well the relation describes the relationship 
between observables and significance represents the likelihood of the correlation 
occurring by chance. In my evaluation, a correlation coefficient between 0.55 and 
1 is considered an acceptable positive correlation and significance less than 0.001 
is satisfactory. Based on the suggested criteria, for all four cosmologies positive 
correlation is concluded. In Fig 2.1 and 2.2, it is shown that u. and  
, have positive correlation for these four cosmologies.Therefore the 
Liang-Zhang relationship can be regarded as a luminosity indicator.  
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Figure 2.1. Plot of log derived from empirical relation versus calculated from 
observation for ΛCDM standard cosmology. Left graph shows the case where a 
flat universe is assumed and  Ω  and  Ω  are 0.23 and 0.77 respectively. Right 
graph shows the case where  Ω = 0.34 , Ω = 0.06  and  . = −1.  
 
 
 
   Figure 2.2. Plot of log derived from empirical relation versus calculated 
from observation for brane-induced gravity cosmology. Left graph shows the case 
where a flat universe is assumed and  Ω  and  Ω  are 0.18 and 0.17 
respectively. Right graph shows the case where  Ω = 0.26 , Ω = 0.08  and  . = −1.  
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 Table 2.3 and 2.4 present the result for the most probable model for each 
cosmological model following the formalism outlined in the previous section. 
Table 2.3 shows the result when the curvature of the universe is assumed zero and 
table 2.4 is the result for the case when no assumption for curvature is considered.  
 
 
Table 2.3. The most probable cosmology model with flat unverse assumption 
                  
 
 
 
Table 2.4. The most probable cosmology model with no assumption for curvature 
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Figure 2.3 and 2.4 show the probability for each possible set of cosmology for 
ΛCDM and bran-induced gravity model respectively.  
 
       
 
Figure 2.3. Probability for ΛCDM standard cosmology.  
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Figure 2.4. Probability for brane-induced gravity cosmology.  
 
 
 
 
Figure 2.5 and 2.6 show the contours of liklihood for ΛCDM and brane-induced 
gravity model respectively.  
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Figure 2.5. Countours of liklihood for ΛCDM standard cosmology 
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Figure 2.6. Countours of liklihood for brane-induced gravity cosmology 
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Figure 2.7 is the graph of distance modulus versus redshift. In this graph, solid 
line and dashed line show the Hubble diagram for the most probable model of 
ΛCDM and brane-induced gravity models when curvature of zero assumed.  
        
    
 
Figure 2.7. Hubble diagram for the most probable models with flat                        
assumption for curvature.  
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The circle and dimond show the observation for former and latter cosmology. 
This diagram shows that the error bars are large in comparison to the difference 
between the two models and these two models are too close to be differentiated. 
2.4. Conclusion and Prospect for This Work 
    For both cosmologies, the results for the flat universe is comparable with 
Deffayet et al. (2002) results from SNIa observation. Comparing contours of 
liklihood from GRB observations with figure 2.8 (countours of liklihood from 
WMAP and WMAP+HST), it is apparent that with improvement in using GRB 
for cosmography it might be possible to tighten the most probable model. This is 
due to the vertical direction of countours of liklihood from GRB observation. 
       
Figure 2.8. Countours of liklihood from WMAP and WMAP+HST. (Spergel et al. 
2007) 
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Figure 2.9 shows distance modulus versus redshift for different cosmological 
models. This graph shows that all different models follow each other closely.  
         
 
 
Figure 2.9. Hubble diagram for a wide range of redshift. 
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Lamb et al. (2000) shows that GRBs may be visible to z~20. Therefore, I 
regenerate the previous graph for this range of redshift (Figure 2.10).  
 
 
 
Figure 2.10. Hubble diagram for redshift range of 0-20. 
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To study this range of redshift more closely, the graph of distance modulus 
difference between each pair of discussed models versus redshift is produced.   
 
     
 
Figure 2.11. Distance modulus difference between each pair of dissussed for 
redshift range of 0-20. 
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The follwing is the description of each line in figure 2.11 and 2.12 which comes 
later. The solid dark line is from the difference of the two ΛCDM models. The 
solid light line is from the difference of the two brane-induced gravity model.  
The dashed line is from the difference of the two cosmological models with no 
assumption for curvature. The dotted line is from the difference of the two flat 
models. Figure 2.12 shows the same plot in figure 2.11 over a wider range of 
redshift. 
    
    
                   
Figure 2.12. Distance modulus difference between each pair of discussed for a 
wide range of redshift.  
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     Currently, the average error for distance modulus is 0.271 with standard 
deviation of 0.0973. With this precision the error for distance modulus is 
comparable with the difference between two flat models for redshift greater than 
10 but not with the difference between the two models with no assumption for 
curvature over any range of redshift less than 20. For the other two differences, 
there is a turning point in the middle which makes the lower and higher redshift 
GRBs more critical to differentiate the models.     
     Expanding the sample and including more high and low redshift GRBs help to 
improve the result. Another element to create a large sample of GRBs for this 
study is to measure break time for GRBs that requires early infrared observation. 
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Chapter 3 
CORRELATIOS AD EVOLUTIO OF GRB PROPERTIES 
    A Gamma-ray burst output consists of its prompt emission and its afterglow. 
Here the GRB's prompt emission and shallow decay of its x-ray afterglow are 
used to explore any correlation among prompt emission and afterglow properties 
as well as possible GRB property evolution.  
3.1 Introduction 
    Gamma-ray bursts are electromagnetic signals. They were first discovered in 
the late 1960s (Klebesadel et al. 1973; Mazets et al. 1974). Prompt emission and 
afterglow are the two components of a gamma-ray burst output. Prompt emission 
happens in γ-ray band at sub Mev energies and lasts only tens of seconds. 
Afterglows are broad-band, having been detected in the x-ray, the optical/infrared 
and the radio bands. X-ray afterglows are the most commonly detected and last on 
average for about 10seconds. 
    Looking into correlation and evolution of GRB prompt emission and afterglow 
has many advantages. It helps to open windows to comprehend the physics of 
GRBs and examine different GRB models. It is also possible to use GRB 
correlation as an accurate redshift estimator and more importantly to constrain the 
cosmological parameters.  XRT flares of GRB afterglow are thought to be the 
result of central engine activity. Studying this component leads us to understand 
GRB flare and central engine nature. 
3.2 Swift XRT data analysis 
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    My sample includes 28 GRBs observed by Swift. The data is taken from Swift 
GRB detection archive by BAT and XRT as of October 11 (Table 3.1).   
 
Table 3.1. Swift GRB sample 
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The data is shown in table 3.1 with the following heading: (1) GRB name; (2) 
BAT ¦§5; (3) γ-ray fluence; (4) γ-ray fluence error; (5) low-energy spectral index; 
(6) low-energy spectral index error; (7) redshift; (8) start time of normal segment; 
(9) end time of shallow segment. This sample is selected out of 65 GRBs. The 
sample only includes the redshift-known GRBs that have a well-defined XRT 
lightcurve and feature both shallow and normal decay in their x-ray afterglow 
light curves. Shallow and normal decay are two of the five Gamma-Ray Burst 
XRT light curve segments (Zhang et al. 2006) . These segments have typical 
slopes of -0.5 and -1.2 respectively. The time where shallow and normal segment 
meet is called break time. Break time is stated in GRB rest frame throughout this 
paper. Another component of Gamma-Ray Burst XRT light curve, appearing in 
roughly 50% of GRBs, is called flare. Seven GRBs of our sample contain one or 
more flares. 
   The reduced data for X-ray afterglow light curve of each GRB is taken from 
Swift Data Product of UNLV GRB group ( 
http://grb.physics.unlv.edu/~xrt/xrtweb/web/sum.html). In this section, the fit 
function for XRT light curves and their flares are introduced. 
    To study XRT light curve and extract different GRB properties, the light curve 
is fitted with a smooth broken power-law: 
¨ = ¨5h'3rq(2a + '3rq(;ai@ a⁄                                             (3.1) 
where 
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3r = @Ss                                                            (3.2) qr is the break time between shallow and normal decay segments and o describes 
sharpness of the break that is taken to be one here. ¨5 , 6 and 7 are other fitting 
parameters. Table 3.2 contains smooth broken power-law fitting parameters for 
XRT light curve of each GRB and their errors.  Table 3.2 also reports the of 
each fit. Figure 3.1 displays the fit for each light curve. 
 
     
 
Figure 3.1. Smooth broken power-law fit for GRB XRT lightcurves 
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Figure 3.1. Continued. 
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Figure 3.1. Continued. 
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Figure 3.1. Continued. 
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Figure 3.1. Continued. 
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Table 3.2. Smooth broken power-law fitting parameters for XRT light curves. 
      
  
 
Using  the fitting parameter from table 3.2, luminosity at break time is calculated  
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¨Ss = ¨5h'3rqr(2a + '3rqr(;ai@ a⁄                                 (3.3) 
The results for ¨Ss  and its error are shown in table 3.3. 
 
Table 3.3. GRB luminosity at break time 
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The data is shown in table 3.3 with the following heading: (1) GRB name; (2) 
redshift ; (3) ¦§5 in the rest frame of the GRB; (4) break time; (5) luminosity at 
break time; (6) the error of luminosity at break time. 
    Another GRB property which is evaluated from XRT light curve is NS©. 
NS© is the total energy emitted during the shallow decay (plateau).  NS©  
is calculated through  
NS© = ª ¨'q(SsSj «q                                            (3.4) 
where q5 is the lower point of shallow segment and qr is the upper point of 
shallow segment which is called break time. L(t) is luminosity. The results for 
NS© and its error are shown in table 3.4. The data is shown in table 3.3 with 
the following heading: (1) GRB name; (2) redshift ; (3) ¦§5 in the rest frame of 
the GRB; (4) NS© for normal decay segment; (5) the error for NS© for 
normal decay. 
    To investigate XRT flare properties, a Gaussian function is used as fitting 
function. µ, σ and A are the fitting parameters and represent the mean, standard 
deviation and total area of the Gaussian curve. Table 3.5 contains the fitting 
parameters of the fit along with the  for each flare fit. The data is shown in 
table 3.5 with the following heading: (1) GRB name; (2) the number of XRT 
flares visually detected on GRB light curve from left ; (3) constant; (4) mean of 
the fitted Gaussian curve ; (5) sigma of the fitted Gaussian curve; (6) the total area 
   
 46 
of the fitted Gaussian curve; (7) . Figure 3.2 shows the Gaussian fit to the flares 
of XRT light curves.  
 
Table 3.4. Afterglow plateau energy 
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Table 3.5 Gaussian fit  parameters for GRB XRT flares 
 
 
     To study the flares with respect to the underlying XRT light curve power-law, 
a "Ratio" is defined. If q¬ is the time where flare's Gaussian fit is maximum, 
"Ratio" is defined as: 
Ratio = ±K²³´'Sµ²¶(J}·´³¸K²·'Sµ²¶(                                            (3.5) 
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where ¨¹N'q¬( and ¨ºNº'q¬( are flare Gaussian fit at q¬and 
Underlying power-law fit at q¬ respectively. The results for the ratio and 
corresponding luminosities are presented in table 3.6. The data is shown in table 
3.5 with the following heading: (1) GRB name; (2) the number of XRT flares 
visually detected on GRB light curve from left ; (3) redshift; (4) ¦§5 in the rest 
frame of the GRB ; (5) value of the flare Gaussian fit at the mean of the fitted 
Gaussian curve for the flare; (6) value of the underlying powerlaw at the mean of 
the fitted Gaussian curve for the flare; (7) Ratio of (5) over (6). 
 
 
Table3.6 XRT flare and light curve comparison by “Ratio” 
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Figure 3.2. Gaussian fit to XRT flares. 
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Figure 3.2. Continued. 
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3.3 Correlations between GRB properties 
    Correlations among GRB properties are evaluated by Spearman’s rank 
correlation method. Correlation coefficient, ρ, and significance (null hypothesis 
probability) ,r, are the two parameters that describe this method. In our evaluation, 
correlation coefficient between 0.55 and 1 with a significance less than 0.001 is 
satisfactory for a positive correlation. Furthermore, correlation coefficient 
between -0.55 and -1 with a significance less than 0.001 yields negative 
correlation. Based on these criteria, the following correlations are concluded: 
    1- Central engine average γ-ray luminosity, »¨, and total isotropic emission 
energy in the γ-ray prompt emission, ,  have positive correlation (Figure 3.3). »¨ comes from  
»¨ = yz,{|}¼½j,¾´| ¿³²µ´                                                 (4.6) 
Where   
¦§5,ÀS Á = ¼½jt                                              (4.7) 
Also, no correlation is shown between , and ¦§5. Therefore, the above 
correlation shows that more energetic central engine is due to intrinsically higher 
brightness not longer duration.  
     2-Total energy emitted during the shallow decay, NS©, and total isotropic 
emission energy in the γ-ray prompt emission , ,  have positive correlation 
(Figure 3.4). This means that a more energetic central engine yields a more 
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energetic afterglow. This result is consistent with similar radiative efficiency for 
all kinds of bursts, short and long (Zhang et al. 2007). 
      
    
 
Figure 3.3.  Central engine energy against central engine brightness. 
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Figure 3.4.  Plateau energy against estimated isotropic energy 
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3-Luminosity at break time and break time have negative correlation (Figure 3.5). 
Break time could be estimated as shallow decay duration. Therefore, this negative 
correlation shows that luminosity at break time decreases as shallow decay 
duration increases.     
 
    
 
Figure 3.5. Break time luminosity against breaktime 
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3.4 Evolution of GRB properties 
    Correlations between GRB properties and redshift are also evaluated by 
Spearman’s rank correlation method. The criteria for correlation are the same as 
described in the previous section. The following are the existing correlation based 
on our evaluation: 
     1-NS© and redshift are positively correlated (Figure 3.6). This means that 
GRB afterglow energy increases with redshift.  
    2-Both  , and »¨  are also positively correlated with redshift. Figure 3.7 
and 3.8 show the graph of , and »¨  versus redshift respectively. However, 
this increase of , and »¨  with redshift could be due to instrumental flux 
threshold (Liang et al. 2007). Maximum redshift  for a given luminosity is 
determined by:  
ASÂ =   _¬                                                           (3.8) _¬ is maximum redshift for a given burst with luminosity L and ASÂ is the 
instrumental flux threshold. So for higher redshift, the detectable luminosity 
increases given the same flux threshold of the detector.  
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Figure 3.6.  Plateau energy against redshift 
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Figure 3.7.  Central engine energy against redshift 
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Figure 3.8. Central engine brightness against redshift 
 
 
3.5 Discussion 
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    In the previous section some GRB property correlations and some GRB 
property evolution are identified. However, some other correlations and 
evolutions especially the ones that the defined "Ratio" is involved are hard to 
assert. For these cases, the correlation coefficient and significance value are close 
to the values of the suggested criteria and including more GRBs with recognizable 
flare will validates or disqualifies the relations. 
3.6 Conclusion 
    In this chapter, I examine GRB property correlations and their evolution. some 
GRB flare-based quantities are also introduced and their correlation with GRB 
properties and their evolution are studied. The correlation between average 
luminosity and isotropic γ-ray energy, energy of plateau and isotropic γ-ray 
energy and luminosity at break time and break time and evolution of plateau 
energy are well established. It is also realized that the apparent evolution of 
isotropic γ-ray energy and average luminosity is due to the instrumental flux 
threshold. Expanding the GRB sample and including more GRBs with XRT flares 
will provide a chance to reevaluate the discussed correlations and confirm or rule 
out the hard to assert result due to the limited number of data especially in the 
cases where x-ray afterglow flare is involved. 
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Chapter 4 
I SEARCH FOR A RELATIO WITH PHYSICAL ORIGI FOR GRBS  
    Gamma-ray burst observations provide a great opportunity for cosmography in 
high redshift. Some tight GRB correlations are already known. The relations with 
physical origin will have a better potential to utilize GRBs for cosmography. We 
show here, that analyzing the thermal component of the GRB prompt emission 
leads us to well-correlated relations. I also perform Monte Carlo tests and show 
that these correlations are acceptably insensitive to our assumptions. Our 
correlation looks similar to Ghirlanda's in quality, and provides some physical 
insights to this relation. 
4.1 Introduction 
    The prompt emission of gamma-ray bursts is commonly modeled as a smoothly 
broken power law which has been known as the Band function (Band et al. 1993). 
It was first known that the spectra of Gamma-ray bursts have a non-thermal 
character over a broad energy range (Fishman & Meegan 1995). This was found 
to be consistent with the predictions of optically-thin synchrotron emission from a 
power-law distribution of energetic, relativistic electrons (Katz et al. 1994, Tavani 
et al. 1996).  In spite its success; there are difficulties that the purely non-thermal 
emission models face (Ghirlanda et al 2003).  Introducing an additional optically-
thick thermal component that may contribute to the spectrum helps correcting 
these issues (Meszaros et al. 2002). Ryde et al. (2002) identified a few bursts 
which are consistent with thermal emission throughout the burst. These bursts 
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were interpreted as the bursts in which the initial conditions are such that the 
optically-thick thermal photospheric emission component dominates over the 
optically-thin emission from the dissipated energy.  Therefore, the prompt 
emission spectrum is interpreted as a composite of a thermal component in 
addition to the non-thermal one.  
    Most GRB outflow models assume a single non-thermal dominant component. 
Thompson et al. (2007) assumes that a second thermal component is essential for 
undersatnding of the prompt emission of GRBs. They demonstrate that this quasi-
thermal model has implications for  limitimg the GRB jet Lorenz factor and the 
mass and radius of the stellar progenitor. The Amati,Ghirlanda, Fermani and 
Liang & Zhang correlations are also studied within the context of thermalization 
in relativistic outflow. 
    In this chapter, I examine the physical properties of GRB thermal component in 
order to search for a physically motivated correlation among GRB properties. In 
section 4.2, the physics of blackbody radiation is employed and GRB thermal 
component flux is calculated.  The flux is also estimated for this component. In 
section 4.3, the analysis of the relations deduced in section 4.2 is presented. I use 
the Spearman rank correlation analysis to evaluate these relations. I also study the 
best linear fit for each relation. The derived relations depend on three scaling 
factors.  In section 4.4, the Monte Carlo test is used to examine the sensitivity of 
my analysis to these scaling factors. I also discuss the implication of these 
relations. I conclude in section 4.5. 
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4.2 Thermal emisson component in GRB prompt emission 
    The Stefan-Boltzmann law states that the power emitted per unit area of the 
surface of a thermal (blackbody) radiation is directly proportional to the fourth 
power of its absolute temperature. That is 
AÃÃ = ¦                                                          (4.1) 
where AÃÃ  is the power radiated isotropically per unit area by blackbody surface 
and T is the temperature and  = 5.67 × 10ÄÅÆÇ  is the Stefan-
Boltzmann constant. Wien's displacement law states that there is an inverse 
relationship between the wavelength of the peak of the emission of a black body 
and its absolute temperature. That is 
                                              È¬ = r¼                                                        (4.2)                                                                         
where È¬ is the peak wavelength, T is the absolute temperature of the 
blackbody and  É = 2.90 × 10HÆÇ is Wien's displacement constant. By 
substituting T from (4.2) into (4.1) 
AÃÃ =  ¡ rÊµ²¶£                                                     (4.3) 
The peak wavelength, È¬, and the peak energy of the blackbody component, 
,ÃÃ, are related through 
È¬ = XÂyJ´²¢,ËË                                                     (4.4) 
Where  = 3 × 10ÄÆÌ@ is speed of light and ℎ = 6.63 × 10H ÎÌ is Planck's 
constant. By substituting (4.4) into (4.3) 
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AÃÃ =  ¡É yJ´²¢,ËËXÂ £                                                (4.5) 
    The gamma-ray power radiated per unit area by the thermal and non-thermal 
component of GRB, AuÏyl,yFÐ can approximately be estimated as 
AuÏyl,yFÐ = y{|},Ïl,FÐ ÀF¼½j '@?t(⁄                                                (4.6) 
where ¦§5 is the time interval whitin which 90% of the burst fluence is detected 
and R is the photospheric radius where the thermal radiation occurs. Ï@, Ð is the 
co-moving bandpass and ,Ïyl,yFÐ is the estimated isotropic gamma-ray energy 
radiating from GRB. That is 
,Ïyl,yFÐ =  FÏ´l,´FÐ'@?t(                                                 (4.7) 
where  is the luminosity distance at the redshift z, k is a k-correction factor to 
correct the observed gamma-ray fluence at an observed bandpass Ï/@, /Ð to a 
given bandpass in the cosmological rest frame Ï@, Ð. 
    To eliminate the uncertainty due to the k-correction in ,Ïyl,yFÐ calculation, 
the more accurate estimation of the flux comes from the fluence in the detector 
bandpass Ï/@, /Ð 
AuÏyl∗,yF∗Ð =  FÏ´l,´FÐ '@?t(⁄ ÀF¼½j '@?t(⁄                                                (4.8) 
where @∗ = /@'1 + _( and ∗ = /'1 + _( and Ïl,FÐ is the detector bandpass 
fluence. 
    AÏyl∗,yF∗Ð,ÃÃ also can be calculated from the integral of the Planck function over 
co-moving gamma-ray bandpass. 
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AÃÃ,Ïyl∗,yF∗Ð =  ª ÒÓyF∗yl∗ '¦(«Ô                                            (4.9) 
where  
ÒÓ'¦( = ÂÓ[ XF⁄¬'ÂÓ Õ¼⁄ (@                                               (4.10) 
is the Plank function and . = 1.38 × 10HÆ.ÌÇ@ is the Boltzmann 
constant and D is the frequency of radiated photon. Substituting (4.4) into (4.2) 
¦ = rXÂ ,ÃÃ                                                   (4.11) 
and replacing ℎÔ by E in (4.10)  
Òy'¦( = y[ XFÂF⁄¬hXÂy r⁄ yJ´²¢,ËËi@                                  (4.12) 
and substituting it into (4.9) results in a new form of the Plank function. 
Therefore, 
AÃÃ,Ïyl,yFÐ =  ª y[ XFÂ[⁄¬hXÂy ryJ´²¢,ËË⁄ i@ «yFyl                         (4.13) 
    All the above fluxes are calculated or estimated at the photosphere of the burst. 
In the next section, I introduce some scaling factors. By assuming a representative 
value for each constant, I look into the correlation between calculated and 
estimated thermal flux. I later examine the sensitivity of my analysis to these 
scaling factors. 
4.3 Analysis 
    I peform my analysis for three samples of GRBs: a sample of Swift,  a sample 
of pre-Swift and a sample consisting of the two preceding samples.  For the 
sample of Swift GRBs, I use the Butler et al. (2007) catalog. My sample contains 
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27 redshift known GRBs with defined upper and lower limits of peak energy from 
the catalog.  
     
 
Table 4.1. Swift GRB Sample 
 
      * when asymetric errors are reported,  = √? is assumed. 
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The data is shown in table 4.1 with the following heading: (1) GRB name; (2) 
redshift; (3) BAT ¦§5; (4) BAT ¦§5 error; (5) γ-ray fluence; (6) γ-ray fluence 
error; (7) low-energy spectral index; (8) low-energy spectral index error; (9) high-
energy spectral index; (10) high-energy spectral index error; (11) spectral peak 
energy; (12) spectral peak energy error; (13) lower limit of BAT detector band-
pass; (14) higher limit of BAT detector band-pass.  
 
 
Table 4.2. Pre-Swift Data Sample 
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For pre-Swift GRBs, Ghirlanda et al. (2004) data is used. In my sample, I 
eliminate the GRBs whose spectral indices, peak energy, duration or fluence is 
missing. The data is shown in table 4.2. This sample consists of 24 pre-Swift 
GRBs. It should be noted that all GRBs in my samples are considered long. 
    Not all physical quantities involved in the calculated and estimated fluxes 
derived in section 4.2 are known. To use these equations, we consider the 
following assumptions: 
    First, Ryde et al. (2009) finds that for their sample of 56 long BATSE GRBs 
the ratio of the thermal (blackbody) flux over the total flux is approximately 30%-
50%. The thermal flux is the bolometric integrated blackbody flux and the total 
flux is integrated over the energy band ~25-1900  kev. Therefore, the ratio found 
is the upper limit to the true unknown bolometric ratio. Ryde et al. (2009) also 
notes that this ratio varies in time and no strong trend is observed. Here, I assume 
40% for the ratio 
AÃÃ,Ïyl,yFÐ ≅ ØAÏyl,yFÐ                                          (4.16) 
where Ø = 0.4. 
    Second, the photospheric radius is the radius above which the flow becomes 
optically thin to scattering by the baryon related electrons. All of the GRBs in our 
sample are considered long. Long GRBs are associated with the death of massive 
stars. Typical the radius of a massive star is 10-100Ù⨀. Also, Pe'er et al. (2010b) 
shows that the photospheric radius of GRB090902B, which is also considered to 
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be a long GRB, is roughly 6.1 − 7.8 × 10§Æ. Here, I take a representative  
photospheric radius to be 10Ù⨀ 
Ù ≅ ÛÙ⨀                                                        (4.15) 
where Ù⨀ = 6.955 × 10ÄÆ  and Û = 10. Later in section 4.4, the estimation of 
photospheric radius is discussed in more details. 
    Third, Ryde et al. (2009) also shows that the peak energy of GRB 
spectra, , is defined by the thermal component peak energy, ,ÃÃ . 
However, they do not necessarily coincide. Combination the of thermal 
component with the positively-sloped power law non-thermal component shifts 
the peak energy of GRB thermal component to a higher energy. Therefore, I make 
the assumption that ,ÃÃ is a large fraction of  in the range of ~80%-
100%. Here I take 90% for this fraction. 
,ÃÃ ≅                                                (4.16) 
where  = 0.90. 
    Some of the above assumptions may seem to be the result of 
oversimplification. However, I carefully consider the possible range for each 
scaling factor. Then in the next section, I apply a Monte Carlo test and evaluate 
my correlation results. 
    Some remarks about my notation might be helpful. All F's are the flux from 
either Planck's law integration or the Stefen-Boltzman law which is the result of 
integration of Planck' law over the full range of spectrum and all the Au 's are from 
the flux estimation. Any quantity for the thermal component is shown by a BB 
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index. If no index is shown, it means that quantity belongs to combination of 
thermal and non-thermal component. Also if a specific range of energy does not 
come in the index of a quantity, that quantity is bolometric. In this work, I 
evaluate the following relations: 
    1- Applying the third assumption, (4.5) results in the bolometric integrated 
blackbody flux 
AÃÃ =  ¡É yJ´²¢'@?t(XÂ £                                           (4.17) 
'1 + _(  replaces the comoving peak energy for the thermal component. 
 is peak energy of GRB spectra. From equation (4.6) and applying the first 
and second assumption, the estimated flux for co-moving bandpass 1 − 10  kev 
is 
AuÃÃ,w@Ü,@5ÝÜ = Ø y{|},wl¢´Þ,ljÝ¢´Þ ßFÀF¼½j '@?t(⁄                                  (4.18) 
and 
AuÃÃ = ØÒ y{|},wl¢´Þ,ljÝ¢´Þ ßFÀF¼½j '@?t(⁄                                           (4.19) 
where AuÃÃ  is the estimated thermal flux and B is the ratio of bolometric thermal 
flux over isotropic gamma-ray flux for co-moving bandpass 1 − 10  kev  
Ò = ÁËËÁËË,wl¢´Þ,ljÝ¢´Þ                                                (4.20) 
where 
AÃÃ,w@Ü,@5ÝÜ =  ª y[ XFÂ[⁄¬hXÂy ryJ´²¢'@?t(⁄ i@ «@5ÝÜ@Ü                   (4.21) 
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B equals to one to 5 degrees of magnitude. Therefore, co-moving bandpass 1-10
4
 
kev is considered as bolometric bandpass for GRBs.  
AuÃÃ = Ø y{|},wl¢´Þ,ljÝ¢´Þ ßFÀF¼½j '@?t(⁄                                          (4.22) 
    By comparing (4.17) and (4.21), it is apparent that gamma-ray isotropic enery 
is directly proportional to the fourth power of comoving peak energy if the 
correlation between AÃÃ and AuÃÃ exists.  
    2- Use of K-correction in calculation of ,Ïyl,yFÐ causes uncertainty in the 
flux calculation. Bloom et al. (2001) shows, the typical estimated uncertainty on a 
given k-corrected energy is ~20%. To eliminate this source of uncertainty, I use 
the flux in the co-moving bandpass Ï/@'1 + _(, /'1 + _(Ð. Ï/@, /Ð is the detector 
bandpass . Therefore, from equation (4.7) and applying the first and third 
assumption 
AuÃÃ,Ïl'@?t(,F'@?t(Ð = Ø  FÏ´l,´FÐ '@?t(⁄ ßFÀF¼½j '@?t(⁄                                (4.23) 
also from equation (4.13) and applying the third assumption, the integral of the 
Planck function over the co-moving bandpass Ï/@'1 + _(, /'1 + _(Ð is 
AÃÃ,Ïl'@?t(,F'@?t(Ð =  ª y[ XFÂ[⁄¬hXÂy ryJ´²¢'@?t(⁄ i@F'@?t(l'@?t( «             (4.24) 
    In the case of the correlation between AÃÃ,Ïl'@?t(,F'@?t(Ð and 
AuÃÃ,Ïl'@?t(,F'@?t(Ð, the proportionality between gamma-ray isotropic energy and 
the fourth power of comoving peak energy seen before is investigated here. By 
changing the variable in the integral in equation (4.24) 
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AÃÃ,Ïl'@?t(,F'@?t(Ð = XFÂ[ ¡ryJ´²¢'@?t(XÂ £ ª ©¬'©(@©F©l «à                 (4.25) 
where  
à = XÂyryJ´²¢'lm¤(                                             (4.26) 
à@ = XÂlryJ´²¢                                                    (4.27) 
and  
à = XÂFryJ´²¢                                                     (4.28) 
By comparing (4.18) and (4.24) and also (4.22) and (4.24), it can be seen that  
and S are directly proportional to   respectively, if the flux correlation exists. 
However, the integral limits of ª ©áâã'©(@ «à©©@  depend on . Therefore, to 
claim these proportionalities the dependency of this unitless integral on  
should be examined. 
    Using Spearman rank correlation analysis, I evaluate the discussed correlations 
for the tree samples in the next section. In this analysis, the same value is 
considered for each scaling constant for all GRBs.  Then, each scaling constant 
for each GRB is randomly picked from its possible range in the Monte Carlo test 
and the correlation is examined by the Spearman rank correlation analysis. In 
section 4.4, We also study the best linear fit and the scatter of data for the  two 
correlations. 
4.4 Discussion 
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    Ghirlanda's relation h − i is one of the less wide scattered GRB 
correlations which is widely accepted and used as standard candle (Ghirlanda et 
al. 2004; Friedman et al. 2005; Ghirlanda et al. 2009). This correlation is between 
rest frame peak energy and collimation corrected energy of GRB. GRBs are 
thought to be collimated sources. In other words, the energy per unit of steradian 
in the jet is assumed to be uniform inside half-angle, äåS and zero outside 
(Rhoads 1997). Therefore, under the standard GRB model assumptions the jetted 
outflow should produce a break in the afterglow light curve decay. This break 
time , qåS, allows to deduce the jet openning angle, äåS. 
 = h1 − ÌäåSi                                         (4.29) 
The geometry-corrected  reduces the large dispersion of  − , relation 
(Ghirlanda et al. 2009).  
    As discussed in the last section, we examin AÃÃ − AuÃÃ and 
AÃÃ,Ïl'@?t(,F'@?t(Ð − AuÃÃ,Ïl'@?t(,F'@?t(Ð  relations. For convenience , we refer to 
these two relations as "bolometric" and "detector band-pass" respectively. The 
result of Spearman rank correlation analysis for these two relations for each set of 
data is presented in table 4.3, 4.4 and 4.5. Correlation coefficient of greater than 
0.55 accompanied by correlation siginificance of less than 0.001 is considered 
criteria for a positive correlation. The result for all three samples shows that a 
positive correlation certainly exists in both cases. However, All three samples 
show "detector band-pass" is better correlated. This could be due to the 
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elimination of K-correction and more accurate use of ¦§5 in the estimation of 
"detector band-pass" flux. As it is mentioned in the last section, using k-correction 
for estimating "bolometric" flux introduces some uncertainity. Also, ¦§5 is the 
time interval within which 90% of the burst fluence is detected. So, it is most 
accurate to use it for the estimation in the fluence detector band-pass.  
 
 
Table4.3. Spearman Rank Correlation Analysis for Swift Data 
 
 
 
 
Table4.4. Spearman Rank Correlation Analysis for pre-Swift Data 
 
 
 
 
 
 
 
 
 
   
 74 
Table4.5. Spearman Rank Correlation Analysis for All Data 
 
 
 
    Friedman et al. (2005) evaluates the geometery-corrected Ghirlanda's relation 
in the co-moving bandpass Ï1 − 10 Ð kev for their sample of 19 Swift and pre-
Swift GRBs by Spearman rank correlation analysis. Their result is 0.83 for the 
correlation coefficient and 1.2 × 10 for the correlation significance. This result 
is comparable with my result for Swift sample. Correlation coefficient is 0.81 for 
both correlations and 4.7 × 10 and 3.05 × 10 for "bolometric" and "detector 
band-pass" respectively. The Spearman rank correlation analysis result for the 
other two samples is still considerable. Correlation coefficient ranging between 
0.70 to 0.77 and correlation significance better than 1.56× 10  is significant. 
However, Friedman et al. (2005) considers the Geometry-corrected energy in their 
analysis. Collimation-corrected energy might improve my result the same way it 
does for  −  in respect to  −  . 
    I also study the best linear fit for each relation and look at the scatter of data. 
The result is shown in table 4.6, 4.7 and 4.8.  
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Table4.6. Best Linear Fit for Swift Data 
 
 
 
 
Table4.7. Best Linear Fit for Pre-Swift Data 
 
 
 
Table4.8. Best Linear Fit for All Data 
 
 
Here, the calculated value of flux is considered as independent variable while the 
estimated value is considered as independent variable. In the tables the slope of 
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the linear fit, a, and its uncertainity, y-intercept and the reduced  is presented. If 
there was no assumption for the values of the three  scaling constants, A, B and C, 
and their value was accurate, the slope and y-intercept are expected to be one and 
zero respectively. However, to study the existence of the discussed correlations 
and for simplification I consider the same fixed values of scaling constants for all 
GRBs. Although the slope and y-intercept values are not exactly as they were 
expected especially in the fit for the pre-Swift sample, the reduced  (/the 
number of GRBs in sample -3)) ranging from 0.66 to 1.24 is satisfactory.  
Friedman et al. (2005) result of the reduced  for geometry-corrected 
Ghirlanda's relation in the co-moving bandpass Ï1, 10 Ð kev for their sample of 19 
Swift and pre-Swift GRBs is 4.15. Ghirlanda et al. (2009) shows the reduced   
value of 1.4 for their sample of 29 GRBs. Figure 4.1 shows the best linear fit for 
the best correlated relation which is the "bolometric" correlation in the analysis 
for Swift sample (solid line). The criteria for the best correlation is the best 
Spearman rank correlation test result and the one whoes slope and y-intercept for 
its linear fit is closest to one and zero and its reduced  is the least. For the Swift 
sample, the "bolometric" correlation results in correlation coefficient of 0.81, 
correlation significance of 4.07 × 10, slope of 0.82, y-intercept of 0.47 and 
reduced  of 0.66. The dashed line in this graph shows the ideal case when the 
slope is one and there is no y-intercept. If the real value of  each scaling constant 
for each GRB is used,  the fit will be close to the dashed line.    
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Figure4.1. Graph of estimated bolometric flux versus calculated bolometric flux 
for Swift data. Solid line shows the best linear fit for the data. Dashed line shows 
the ideal case when the slope is one and there is no y-intercept. 
 
 
    A  Monte Carlo test is performed to evaluate the discussed correlations. Every 
scaling constant for each GRB is randomly picked from its possible range. These 
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ranges consist of: 0.30 ≤ Ø ≤ 0.50, 1 ≤ Û ≤ 100 and 0.80 ≤  ≤ 1. Table 4.9, 
4.10 and 4.11, shows the test result for each sample.  
 
Table 4.9. Monte Carlo Test Result for Swift Data 
 
*
 The success for the test is defined as correlation coefficient being greater than o.55 and 
correlation significance is less than 0.001 simultaneously. 
 
 
 
Table 4.10. Monte Carlo Test Result for Pre-Swift Data 
 
a
 This is the number of experiments that fulfill both success conditions. 440 experiments 
satisfy only correlation coefficient criteria. 
b
 This is the number of experiments that fulfill both success conditions. 594 experiments 
satisfy only correlation coefficient criteria. 
 
 
 
 
Table 4.11. Monte Carlo Test Result for All Data 
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The success for the test is defined as correlation coefficeint being greater than 
o.55 and correlation significance being less than 0.001 simultaneously. The 
number of success of the test for 1000 experiments shows that the correlations are 
acceptably insensitive to the values of scaling constants for Swift and combined 
sample. The experiments with success for these data sets include %73-%84.8 of 
the experiments. However, the result for the pre-Swift data is not satisfactory. 
Figure 4.2 shows the histogram for the outcome of the Monte Carlo test. The 
vertical dashed line shows the correlation coefficeint of 0.55.   
 
        
 
Figure4.2. Histogram of correlation coefficient for Monte Carlo test. Left graph 
shows the result for "bolometric" correlation and right graph belongs to "detector 
band-pass" correlation. The vertical dashed line shows the correlation coefficient 
of 0.55. In both graphs, for all the experiments on the right side of the dashed line. 
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    In a fixed range of co-moving energy as the integrated thermal flux increases 
with increase of temprature of blackbody, the energy where the thermal spectrum 
peaks, , increases. This also can be seen in (4.17). Comparing (4.17) and 
(4.18) implies Ghirlanda's relation  − . "Bolometric correlation" shows 
that the gamma-ray energy for bolometric co-moving bandpass 1 − 10  kev is 
proportional to the fourth power of peak energy. The existence of such a relation 
is also examined in "detector band-pass" correlation. Comparing (4.18) and (4.24) 
and also (4.22) and (4.24), it can be seen that  and S are directly proportional 
to   respectively. However, the integral limits of ª ©áâã'©(@ «à©©@  are 
expressed in terms of  as it is shown in (4.27) and (4.28). Therefore, the 
dependency of this unitless integral on  should be examined. Figure 4.3 
shows the graph of this integral verus  for Swift and Pre-Swift sample. This 
integral, %,  is calculated for both "bolometric" and "detector band-pass" 
correlations. Figure 4.3 shows that the integral for bolometric band-pass is a 
constant for both Swift and pre-Swift samples. In the case of detector band-pass, 
it is also shown that the value of the integral, %, for Swift peak energy greater than 
50 kev and pre-Swift peak energy greater than 100 kev, is roughly a constant. For 
the Swift sample, the mean of the integral for peak energy greater than 50 kev is 
6.20 with a standard deviation of 0.20. For pre-Swift sample, the mean of the 
integral for peak energy greater than 100 kev is 6.11 with a standard deviation of 
0.44.  
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Figure4.3. %hi versus  for Swift and pre-Swift data. Filled circles 
show the result for Swift data and unfilled squares show the result for pre-Swift 
data. ª ©áâã'©(@ «à©©@  is a part of calculated "detector band-pass" as it is shown in 
section (2.3). 
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Although the  − ,  relation that we resulted in "bolometric" correlation, 
we can still clearly see that there is a relation between peak energy and  isotropic 
gamma-ray energy or fluence in "detector band-pass" correlation. Besides peak 
energy, the integral limits of  % depends on the band-pass energy as it is shown in 
(4.27) and (4.28). Since % is independent of peak energy for the"bolometric" 
correlation, It can be speculated that the integral for the "detector band-pass" 
correlation is also independent of peak energy and its deviation from a constant 
value could be due to the band-pass energy in the integral limit, not peak energy.  
One source of inacuracy in calculating % comes from the fact that this integral 
depends on ,ÃÃ which is equal to , rather than  depending on solely 
. In our calculations, we consider D to be a constant while it might be 
different for each GRB. Therefore, a more accurate conclusion can be reached, 
when D is estimated for each GRB accurately. For now,  it can only be deduced 
that  in the "detector band-pass" correlation analysis the  − , relation 
exists for Swift GRBs with  greater than 50 kev and pre-Swift GRBs  with 
 greater than 100 kev. 
4.4 Conclusion and Future Analysis 
    Analyzing the thermal component of GRB prompt emission, we have derived 
two physically motivated correlations for GRB properties. The first one is the 
correlation between estimated bolometric flux and the calculated thermal flux 
using the Stephan-Boltzman equation. The next correlation is between estimated 
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thermal flux in the comoving detector band-pass and the calculated thermal flux 
in the comoving bandpass by using the Planck function integration. In both 
relations, Wien's displacement law is applied. The quality of the discussed 
correlations are comparable with Ghirlanda, Ep-Eγ, relation and provide physical 
insight to it. These correlations contain three scaling constants. A Monte Carlo 
test shows that these  correlations are independent of the scaling constants.  
    It is possible to evaluate the three scaling constants. Estimating A, C and D 
help to examine the discussed correlations more precisely. Based on the Monte 
Carlo test predication, more acuurate values of the scaling constants should 
improve the correlations. By determining A, C and D, it  is possible to look into 
the implication of our correlations for Ghrilanda's more closely. The following is 
how each scaling constant can be approached: 
1- D is the ratio of the thermal component peak energy over the prompt 
emission spectrum peak energy: 
 = ,ÃÃ ⁄                                     (4.29) 
 is already known from the Band function fit to the prompt emission 
spectrum.  To find  ,ÃÃ, the spectrum first should be fitted to a 
function with a thermal and a non-thermal component. ,ÃÃ is the peak 
energy of thermal component. 
2- A is the ratio of the thermal flux over the total flux for a co-moving 
bandpass: 
Ø = AÃÃ,Ïyl,yFÐ AÏyl,yFÐ⁄                                    (4.30) 
   
 84 
AÃÃ,Ïyl,yFÐ can be calculated from integral of the Planck function: 
AÃÃ,Ïyl,yFÐ =  ª y[ XFÂ[⁄¬hXÂy ryJ´²¢,ËË⁄ i@ «yFyl                   (4.31) 
where Ï@, Ð is the co-moving bandpass. This bandpass is Ï1, 10 Ð kev for 
the "bolometric" relation and Ï/@'1 + _(, /'1 + _(Ð kev for the "detector 
band-pass" relation. Ï/@, /Ð is the detector bandpass. AÏyl,yFÐ can be 
calculated from the integral of the Band function: 
AÏyl,yFÐ =  ª &'(yFyl dE                          (4.32) &'( is the Band function. Where 
&'( = æ¡ y@55Ü£2 /34 ¡− yyj£                                         '6 − 7(5 ≥ ç'2;(yj@55Ü è'2;( /34'7 − 6( ¡ y@55Ü£;        '6 − 7(5 ≤  = (4.33) 
α is the low energy photon spectral index, β is the high energy photon 
spectral index and E0 is the transition energy and equals to  '2 +⁄ 6(. 
3- C is the scaling constant for photospheric radius estimation.   
  Ù ≅ ÛÙ⨀                                                 (4.34) 
where Ù⨀ = 6.955 × 10ÄÆ. Pe'er et al. (2010b) demonstrate how they use 
the connection between thermal and non-thermal parts of the spectrum and 
determine the values of the free model parameters (Lorenz factor, total 
luminosity of GRB fireball wind and initial radius of GRB, which is defined 
as the last stable orbit around the central black hole or the sonic radius) and 
ultimately deduce a Lorentz factor range and photospheric radius.  There 
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are two issues that should be considered if  this method is used for  
photospheric radius estimation. This method results in a range for the radius 
rather than a constant radius. Also the dependency of the radius on GRB 
luminosity and its effect in the studied correlations should be examined.  
   Lastly, here the γ-ray isotropic energy is used in the discussed correlations. 
Girlanda (2009) shows that using the geometry corrected γ-ray isotropic energy 
improves the Ghirlanda correlation. Therefore, it is interesting to pursue this study 
for the geometry corrected isotropic energy and examine the effect of this 
correction on the discussed correlations.  
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